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Introduction
Trefoil factor family (TFF) peptides are members of a protein family characterized by a three-loop structure formed by a distinct motif composed of cysteine disulfide bonds. The three known TFF peptides, TFF1 (formerly pS2), TFF2 (formerly spasmolytic protein; SP) and TFF3 (formerly intestinal trefoil factor, ITF) are small, 6.5-14 kDa proteins, which are often secreted together with mucines (for review: [1] [2] [3] ).
TFF peptides are major constituents of the mucosa, with TFF1 and TFF2 being expressed in gastric epithelia and TFF3 expression was detectable in all tissues containing mucussecreting cells [3] . Besides their prominent expression in mucous epithelia, TFF peptides are also synthesized in the central nervous system of rodents [4] [5] [6] [7] . TFF1 was found to be uniformly expressed in all brain regions, whereas TFF3 expression was limited to the hippocampus, the temporal cortex and the cerebellum. TFF3 mRNA was found mainly in neurons and not in glia cells [7] . TFF1 and TFF3 mRNA expression has also been detected in healthy human cornea, whereas only TFF3 was immunohistochemically detected in different corneal diseases [8] and a function of TFF3 in corneal wound re-epithelialization was demonstrated [9] .
Next to their expression in normal tissues, TFF expression has been described in many cancer cell lines [10] [11] [12] [13] . In the current literature, TFF peptides are discussed as tumor suppressors and potential tumor progression or oncogenic factors [14] . On the one hand, TFF peptides are overexpressed in several human solid tumors [15] [16] [17] . TFF3 overexpression is frequently observed in human cancers e.g. gastric cancer [18] , pancreatic cancer [19] , hepatocellular carcinomas [20] , colon carcinoma [21] and breast cancer [13, 22] . Besides, TFF3 expression correlates with the tumor grade in hepatocellular carcinoma [23] and TFF3 is highly expressed in intestinal metaplasia and a marker for poor prognosis in gastric carcinoma [24] . On the other hand, TFF1-knockout mice develop gastric carcinomas and adenomas [25] and patients with gastric cancer usually display reduced TFF1 levels. Thus, TFF1 has been described as a tumor suppressor gene in gastric carcinoma [26] . Besides, a deficiency in TFF1 increases the tumorigenicity of human breast cancer cells, supporting a tumor suppressor role [27] .
Epigenetic alterations, resulting in site-specific DNA methylation and histone deacetylation, are well-known mechanisms associated with transcriptional silencing of cancer-related genes [28] [29] [30] [31] . DNA methylation within the genome of vertebrates occurs at cytosines located 5´ to a guanosine, called CpG dinucleotide. Short regions, known as CpG islands, are rich in CpG content and frequently found in the proximal promoter region of many human genes (for review: see [29, 30, 32] ). In early studies in 1993, Antequera and Bird [33] estimated that about 60 % of the known human genes are associated with CpG islands, which are mostly unmethylated. They concluded that CpG islands could be free of methylation even when the corresponding gene is silent, because of the tissue-restricted pattern of some genes [32, 33] .
DNA-binding transcription factors recognize a specific sequence in the promoter region and cause transcriptional activation or repression of the related gene [29] . Methyl-CpG binding proteins serve as transcriptional repressors rendering methylated DNA inaccessible to transcription factors through histone modifications and changes in chromatin structure [34] . Dense methylation of DNA has been associated with transcriptional repression of chromatin characterized by under-acetylated histones [35] . On the other hand, histone acetyltransferases acetylate histones and cause a weakening of the bonds between histones and DNA, promoting exposure of DNA to the transcriptional machinery [36] . Thus, independent of alterations in the DNA sequence, epigenetic mechanisms enable transient response to environmental variance through changes in gene expression [34] .
Little is known about the role of DNA methylation and histone deacetylation in transcriptional inhibition of tumor suppressor genes inactivated in cancer cells in general and about their role in the regulation of TFF gene expression in retinoblastoma cells in particular. The three TFF genes are tandemly clustered within a 50 kb sequence on chromosome 21q22.3 [37] [38] [39] and recent studies demonstrated that all TFFs contain CpG dinucleotides in their promoter region [40] , although with lower CpG densities than in classically defined CpG islands [41] . Besides, cell-specific TFF gene expression seems to be transcriptionally regulated through motifs located upstream of the TATAA box [42] . In organs without detectable TFF content the promoter region is methylated, but in tissues with endogenous TFF gene expression the related promoter is free of methylation [43] .
Epigenetic mechanisms are also involved in the regulation of TFF expression in cancer. A most recent study in 2014 by Feng et al. demonstrated that the methylation status of the CpG islands in the promoter region correlate with TFF1 expression levels in human gastric cancer cells and DNA methylation is a key mechanism of silencing TFF1 in gastric carcinomas [26] . Besides, TFF1 has been described as a differentially methylated gene in Rb tumors [44] and as one of the up-regulated genes in primary retinoblastomas with a matching activating histone modification [45] .
In the present study we set out to determine if the expression of TFF genes is epigenetically regulated in different retinoblastoma cell lines.
Materials and Methods

Cell culture
The 8 human retinoblastoma (Rb) cell lines RBL-13, RBL-15, RBL-30, RB 247 C3, RB 355, RB 383, WERI-Rb1 and Y-79 [46] [47] [48] [49] were cultivated as suspension cultures in Dulbecco's modified Eagle's medium (DMEM; PAN-Biotech) with 10 % fetal calf serum (FCS; PAN-Biotech), 100 U penicillin/ml and 100 µg streptomycin/ml (Invitrogen), 4 mM L-glutamine (Sigma), 50 µM β-mercaptoethanol (Roth) and 10 µg insulin/ml (Sigma) at 37 °C, 10 % CO 2 and 95 % humidity.
Epigenetic drug treatment
For epigenetic drug treatment 1-1.5 x 10 6 Rb cells were seeded on poly-D-lysine (Sigma) coated 6-well plates and cultivated in 3 ml complete DMEM. Rb cell lines were either treated for 48 h with the DNAdemethylating agent 5-Aza-2`deoxycytidine (5-Aza-dC, 1 µM; Sigma-Aldrich) dissolved in DMSO prior to 5 days recovery or were treated continuously for 7 days with 1 mM 4-Phenylbutyric acid (PBA; SigmaAldrich) also dissolved in DMSO. A combination of both inhibitors was also given to all cell lines under the same conditions. Control cells (untreated solvent control) were grown in parallel and received equivalent amounts of DMSO (i) for 48 h prior to 5 daily medium changes without DMSO (5-Aza-dC control), (ii) continuously for 7 days (PBA control) or (iii) for 2 days (DMSO double dose) followed by 5 days DMSO single dose (5-Aza-dC + PBA control), resulting in three individual control groups. Growth medium was changed every 24 h and cells were harvested on day 7 according to a protocol published before by Vestergaard et al. [40] . RNA and DNA were extracted from these cells using the protocols described below. All experiments were performed in triplicate and repeated twice.
Genomic DNA preparation and bisulfite sequencing Genomic DNA from all Rb cell lines, healthy human donor retinas (kindly provided by S. Thanos) and samples of human duodenum (kind gift of E. Cario) was isolated using the DNeasy Blood and Tissue Kit (Qiagen) and bisulfite-converted with the EZ DNA Methylation-Gold Kit (Zymo Research) to convert all cytosines to uracil, while the methylated cytosines remain unmodified. TFF1, TFF2 and TFF3 promoter sequences were amplified from bisulfite-converted DNA by PCR using the following protocol: 5 min at 95 °C, 50 cycles of 1 min 95 °C, 2 min 53/54 °C, 1 min 72 °C followed by final 10 min 72 °C step. PCR forward and reverse primer sequences were designed according to a protocol published before [40] and were as follows: TFF1 for GGAATGGGTTTTATGAGTTTTTTT, TFF1 rev CATTACCTCCTCTCTACTCCAAAAA; TFF2 for GGTGTGATTTTGTGTGTGTTTAGTT, TFF2 rev AAAACCCTCTCCTTCACTTACAAAA; TFF3 for AGGAAAGATAAGGAATTTTTGTGTTTT, TFF3 rev ACATACCTTTATCAAACTCCCAAAC. Afterwards, the PCR product was purified from agarose gels by Illustra GFX PCR DNA and Gel Band Purification Kit (VWR Lifescience) and subcloned into the pCR and individual clones were sequenced by Microsynth using the M13 reverse primer. Sequences of at least 5 clones were analyzed using the Clone Manager 9 software to identify methylated cytosine residues.
RNA isolation and semi-quantitative RT-PCR
Isolation of total RNA from Rb cell lines was performed using the NucleoSpin RNA II kit (Machery and Nagel) following the manufacturer's protocol. Human total retina RNA from a pool of 6 female/male Caucasians was purchased from Clontech (cat.# 636579). Besides, normal human duodenum (kindly provided by R. Doliva) was used as a positive control for TFF gene expression. Equal amounts of RNA were subjected to a reverse transcription (RT) reaction using the QuantiTect Reverse Transcription Kit (Quiagen) following the manufacturer`s instructions. 2.5 µl of the RT-reaction product were used in 50 µl PCR reactions with the following specific primer pairs: TFF1 for GGTCGCCTTTGGAGCAGAG, TFF1 rev GCAGCCCTTATTTGCACAC [50] ; TFF2 for CACCGAATTCTGCAGCTGAGCTAGACATGG, TFF2 rev AACCCTCGAGAACACCCGGTGAGCCAGATG; TFF3 for GTGGTCATGGCTGCCAGAG, TFF3 rev AGCTGGAGGTGCCTCAGAAG. PCR products were amplified using the following touch-down PCR °C and 30 sec at 72 °C followed by a last amplification step 5 min at 72 °C. GAPDH primers were GAPDH for CATCACCATCTTCCAGGAGC; GAPDH rev ATGACCTTGCCCACAGCCTT. PCR products were separated on 2 % agarose gels and stained with GelRed Nucleic Acid Stain (Biotium).
Quantitative Real-time PCR
Quantitative Real-time PCR analyses were performed using a 7300 Real-time PCR System (Applied Biosystems). The following TaqMan ® Gene Expression Assays (Applied Biosystems) were used: TFF1 (ID Hs00907239_m1), TFF2 (ID Hs00193719_m1) and TFF3 (ID Hs00902278_m1). GAPDH (ID Hs99999905_ m1) was used as an endogenous control. Real-time PCR reactions using the TaqMan Universal PCR Master Mix (Applied Biosystems) were performed in duplicate and a total volume of 20 µl was applied to the following program: 2 min 50 °C, 10 min 95 °C followed by 40 cycles of 15 sec 95 °C and 60 sec 60 °C. Relative quantification was calculated by the 7300 Real-time PCR System software (Applied Biosystems).
Statistical analysis and ethical statement
All experiments were performed in triplicate. Data are means ± SEM and represent at least two to three independent experiments. Data were analyzed by paired Student´s t test and considered significantly different if * p < 0.05, ** p < 0.01, or *** p < 0.005. The research reported was conducted in accordance with the ethical standards established by the United States National Institute. All investigations followed the tenets of the Declaration of Helsinki and were approved by the institutional human experimentation committee.
Results
Endogenous expression levels of TFF1 and TFF3 are diametrically opposed in human retina and retinoblastoma cell lines
To investigate and compare TFF expression patterns in retina and retinoblastoma cell lines, total RNA was isolated and analyzed by RT-PCR and quantitative Real-time PCR. The specificity of the TFF RT-PCR primer pairs was tested using human duodenum (Fig. 1) , shown to be an appropriate positive control for all three TFF genes [51, 52] . When we compared the RNA levels of the three TFFs in the healthy human retina, we found low expression of TFF1 and high levels of TFF3, while TFF2 is not detectable (Fig. 2) .
Compared to the human retina, TFF1 is up-regulated in all Rb cell lines investigated except in RB 355 and Y-79 Rb cells (Fig. 2A) . These results have already been confirmed by Real-time PCR and Western Blot in a previous paper by our group [50] . By contrast, no TFF2 (Fig. 2B ) and only trace amounts of TFF3 (Fig. 2C) were detectable in all Rb cell lines. For TFF1 and TFF3, these semi-quantitative RT-PCR results were confirmed by quantitative Real-time PCR data ( Fig. 2A, 2C ). 
TFF promoter methylation correlates with the endogenous TFF gene expression in retinoblastoma cell lines
To investigate a potential epigenetic regulation of trefoil factor family peptide gene expression in retinoblastoma cell lines, TFF promoter methylation was analyzed by genomic bisulfite sequencing. On the basis of a study by Vestergaard et al. [40] , investigating the promoter methylation of TFF peptides in prostate cancer, a total of 13 CpGs in the TFF1 promoter, 16 CpGs in the TFF2 promoter and 8 CpGs in the TFF3 promoter of 8 retinoblastoma cell lines were examined (Fig. 3 ) and compared to the TFF promoter methylation status of a healthy human retina pool (4 combined retina specimen) and a healthy human duodenum Healthy human retina was used as a reference and set as 1. The healthy human retina exhibited low expression of TFF1 and high levels of TFF3, while TFF2 was not detectable. TFF1 is up-regulated in nearly all Rb cell lines investigated, while no TFF2 and only trace amounts of TFF3 were detectable. Data are means ± SEM from 3 independent assays. * p < 0.05 or *** p < 0.005 statistical differences compared to the healthy human retina pool calculated by paired Student´s t test. Fig. 3 . Schematic illustration of the promoter region of the three TFF genes modified according to [40] . The location of the PCR primer pairs are indicated by arrows. The promoter associated CpG dinucleotides are marked by vertical bars. Nucleotide positions relative to the translation start site (+1) are given; for TFF1 the positions are indicated as published in Jeltsch et al. [63] . Blue bars (-) above the promoter sequence represent the TATAA Box [64] . Putative binding sites for transcription factors in silico predicted by MatInspector 2.6 software are shown in green. Fig. 4 . Genomic bisulfite sequencing of the TFF1, TFF2 and TFF3 promoter associated CpG sites in eight retinoblastoma cell lines. Promoter methylation of human duodenum and healthy human retina were used as a reference. Each circle represents a single CpG site. The average methylation of all CpG dinucleotides analyzed is indicated based on sequencing of at least five clones. The TFF promoter methylation correlated with the endogenous TFF gene expression in retinoblastoma cell lines. Nearly all CpGs in the TFF1 promoter of the healthy human retina, human duodenum and Rb cell lines exhibiting low endogenous TFF1 expression were methylated. By contrast, in Rb cell lines with high to moderate endogenous TFF1 levels all CpGs were completely free of methylation or highly demethylated. In the duodenum reference, exhibiting high endogenous TFF3 expression, nearly all CpGs were somehow demethylated, whereas nearly all Rb cell lines showing only trace amounts of endogenous TFF3 displayed high density methylation of all CpGs. Only minor differences in the methylation patterns of the TFF2 promoter were observed between retinoblastoma cell lines and the healthy human retina.
(RBL-13, RBL-30) or highly demethylated to a total methylation level of ≤ 23 % (RBL-15, RB 383, WERI-Rb1; Fig. 4 ; Tab. 1). Thus, TFF1 expression levels seemed to be epigenetically regulated in these retinoblastoma cell lines. The Rb cell line RB 247 C3 represented an exception with a high methylation status, comparable to RB 355 or Y-79, and elevated endogenous TFF1 expression. Only minor differences in the methylation patterns of the TFF2 promoter were observed between retinoblastoma cell lines and the healthy human retina (Fig. 4) reference (65 % total methylation) with strong endogenous TFF2 expression, these Rb cell lines still displayed no detectable TFF2 expression, suggesting, that TFF2 expression is not epigenetically regulated.
In the TFF3 promoter region of the healthy human retina the 8 CpGs were almost completely methylated except for CpG -127 (Fig. 4) . In the duodenum reference, exhibiting high endogenous TFF3 expression, all CpGs analyzed were hypomethylated to a total methylation degree of 58 % (Tab. 1). By contrast, nearly all Rb cell lines (except RBL-30, RB 355 and RB 383) showing only trace amounts of endogenous TFF3 displayed high density methylation of all CpGs, suggesting an epigenetic regulation of TFF3 expression levels in retinoblastoma cell lines.
Several of the CpGs in the TFF1 and TFF3 promoter correspond with putative binding sites for cellular transcription factors (Fig. 3) , as identified by MatInspector 2.6 software analysis [53] . In the TFF1 promoter region of the Rb cell lines analyzed, we monitored differences in the methylation status of (i) CpG -400 overlapping the transcription factor binding site for the estrogene responsive element (ERE), (ii) CpG -388 representing the binding site for the core promoter-binding protein (CPBP) as well as (iii) CpG -354, matching the E2F and the human ETS1 factor (Elk-1) binding site. Besides, in the TFF3 promoter, we observed that the methylation status of CpG -127, matching the binding site of the cAMPresponsive element binding protein (CREB), varies between Rb samples with different TFF3 expression. Notably, these putative binding sites for transcription factors have been shown to play a role in the regulation of cell survival, cell cycle control and proliferation processes, in which TFFs are involved.
Treatment with 5-Aza-2`deoxycytidine and 4-Phenylbutyric acid induce an up-regulation of TFF1 and TFF3 expression in retinoblastoma cell lines
In order to functionally prove the hypothesis that TFF gene expression in retinoblastoma cell lines is indeed epigenetically regulated, we tested the influence of DNA methylation and histone acetylation. For this purpose, cells were treated with the DNA methyltransferase inhibitor 5-Aza-2`deoxycytidine (5-Aza-dC), the histone deacetylase inhibitor 4-Phenylbutyric acid (PBA) or both and the expression of TFF1, TFF2 and TFF3 was analyzed by Real-time PCR.
Upon application of 5-Aza-dC, in most Rb cell lines TFF1 expression only increased to a low extent, with the exception of RB 355, being the only the semi-adherent cell line Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry investigated and displaying an unexpected high up-regulation of TFF1 gene expression (Fig.  5A) . 5-Aza-dC treatment, however, significantly induced TFF3 expression in all cell lines with low and absent endogenous TFF3 mRNA levels, e.g. up to 193-fold in RBL-13 cells (Fig. 5B) , suggesting that the induction is dependent on basal endogenous expression levels (Fig. 2) . Treatment of the retinoblastoma cell lines with the histone deacetylase inhibitor PBA induced an unexpected significant down-regulation of TFF1 in 4 out of 8 Rb cell lines investigated (RBL-13, RBL-30, RB 355 and WERI-Rb1; Fig. 5A ). By contrast, TFF3 mRNA expression in RBL-15, RB 247 C3, RB 383, WERI-Rb1 and Y-79 cells significantly increased upon PBA treatment (Fig. 5B) . However, the 2.6-fold (RBL-30) to 6.4-fold (RB 383) increase in TFF3 expression observed is relatively low compared to the induction obtained by 5-AzadC treatment.
The combined drug treatment effectively induced a significant up-regulation of TFF1 mRNA expression in all Rb cell lines investigated except in RB 383 and WERI-Rb1 cells (Fig.  5A) . Compared to the significant induction of TFF3 expression upon 5-Aza-dC, TFF3 levels of all cell lines investigated, except RBL-30 and RB 247 C3, further increased upon 5-Aza-dC/ PBA double treatment (Fig. 5B) .
No induction of TFF2 expression was found upon treatment with 5-Aza-dC, PBA or both inhibitors (data not shown). Control cells were treated in parallel with equivalent amounts of DMSO (for details see "material and methods") and set as 1 to normalize mRNA expression. Treatment of retinoblastoma cell lines with the histone deacetylase inhibitor PBA slightly down-regulated TFF1 mRNA levels in some Rb cell lines, but significantly increased TFF3 mRNA expression in other cell lines. 5-AzadC treatment lead to a significant up-regulation of TFF1 and TFF3 expression in nearly all cell lines investigated and the combined drug treatment effectively induced further changes in the TFF1 and TFF3 content. All experiments were carried out in triplicate and repeated twice. Error bars represent ± SEM. * p < 0.05, ** p < 0.01 or *** p < 0.005 statistical differences compared to the control group calculated by paired Student´s t test.
5-Aza-2`deoxycytidine and 4-Phenylbutyric acid cause TFF promoter demethylation in retinoblastoma cell lines
To examine the mechanism underlying the changes observed in TFF1 and TFF3 levels following treatment with DNA methyltransferase and histone deacetylase inhibitors, we investigated the methylation status of the TFF promoters in the well characterized retinoblastoma cell line Y-79 following treatment of these cells with 5-Aza-dC, PBA or a combination of both inhibitors. These experiments proved that the induction of TFF1 and TFF3 expression seen in Fig. 5 was accompanied by a reduction in CpG methylation (Fig. 6) .
5-Aza-dC alone clearly reduced the number of methylated CpG sites of the TFF1 promoter, whereas PBA alone only induced minimal changes. Combined treatment further extended the degree of promoter demethylation (70 %) seen with PBA (4 %) and 5-Aza-dC alone (32 %). Similar effects were found in the TFF3 promoter. Combined treatment strongly increased the extent of demethylation from 5 % (PBA alone) and 25 % (5-Aza-dC alone) to 74 %.
Although the same treatment induced similar changes in the methylation status of the TFF2 promoter region no induction of TFF2 expression was detectable (data not shown), strengthening the hypothesis that TFF2 expression is regulated by other mechanisms than promoter methylation in the Rb cell lines investigated.
Discussion
Endogenous TFF expression
In the study presented, we found a clear expression of TFF1 mRNA in all retinoblastoma cell lines analyzed, but only low levels in the healthy human retina (see Fig. 2A ). By contrast TFF3 mRNA was clearly expressed in the human retina, but expression was low to not detectable in all retinoblastoma (Rb) cell lines (see Fig. 2C ). A similar expression pattern for TFF1 and TFF3 was described for cholangiocarcinoma compared to disease-free control tissues [54] .
TFF2, being the only TFF peptide expressed in the murine retina [55] , was neither expressed in the human retina nor in any Rb cell lines investigated (see Fig. 2B ). Correspondingly no TFF2 was detected in human conjunctival goblet cells, the cornea, and the nasolacrimal ducts [7, 8, 56, 57] . The absence of TFF2 in the human retina might be (i) evolutionary determined and TFF2 expression only be found in the retina of lower vertebrates [50, 58] , (ii) due to structural differences in the TFF trefoil domains [1] , or (iii) based on the absence of another factor (e.g. pRB) required for its expression. 
Correlation of endogenous TFF expression with TFF promoter methylation
Recent studies indicated that epigenetic mechanisms are also involved in the regulation of TFF expression in cancer. In prostate cancer cell lines promoter hypomethylation of TFF1 and TFF3 has been shown to be closely related to increased expression of these genes [40] . Analyzing the TFF promoter methylation status of Rb cell lines (see Fig. 4 ), we propose an epigenetic regulation of TFF1 and TFF3 gene expression, where minimal methylation of certain CpGs in the corresponding promoter region results in changes of TFF expression levels (compare Fig. 2A,C) . Our data are in good accordance with the finding that as little as 6-8 % methylation can account for 67-90 % down-regulation of genes [59] . Along this line, in human breast cancer cell lines a correlation of DNA methylation and TFF1 expression was not observed at all CpG sites, since some CpGs were unmethylated in TFF1 non-expressing cell lines [60] .
In the present study, we could not detect any clear correlation between TFF2 promoter methylation status (see Fig. 4 ) and TFF2 expression (see Fig. 2B ), although hypomethylation of the TFF2 gene was observed in TFF2-overexpressing pancreatic ductal adenocarcinoma [61] .
Influence of DNA methylation and histone modification on TFF expression
Previous studies showed that the DNA methyltransferase inhibitor 5-Aza-dC increases TFF expression in low-expressing prostate cancer cells [40] and restores TFF1 expression in gastric carcinoma cell lines [26] . In our study, we observed a significant induction of TFF3 expression upon stimulation with 5-Aza-dC in all retinoblastoma cell lines (see Fig.  5B ) exhibiting no or low endogenous TFF3 expression (compare Fig. 2C ). TFF1 expression was, however, only slightly increased by 5-Aza-dC (see Fig. 5A ), suggesting a correlation of the extent of up-regulation with endogenous basal expression level, as TFF1 is highly expressed in most of the Rb cell lines analyzed (compare Fig. 2A) . No re-expression of TFF2 was observed in Rb cell lines, in which this gene seems to be silenced.
Histone modification is another epigenetic factor playing a key role in transcriptional regulation of gene expression. TFF1 is up-regulated in retinoblastomas with a matching activating histone modification, indicating an epigenetic regulation [45] . A synergistic effect of DNA demethylation and the inhibition of histone deacetylation in the re-expression of silenced genes have been described. In colorectal cancer cells the inhibition of histone deacetylation by trichostatin (TSA) was not sufficient to induce the re-expression of hypermethylated and thereby silenced genes but additional stimulation with 5-Aza-dC resulted in a robust re-expression of silenced cancer-associated genes [62] . Unexpectedly, the results of our study presented here show that treatment with the histone deacetylase inhibitor 4-Phenylbutyric acid (PBA) significantly down-regulated TFF1 expression levels in some Rb cell lines, while up-regulating TFF3 mRNA in other Rb cell lines. Further studies are needed to reveal the mechanism behind this effect, but it might at least be partially explained by different endogenous expression levels of TFF1 and TFF3. Matching results from previous studies, double treatment experiments with 5-Aza-dC further increased TFF1 and TFF3 expression levels in most Rb cell lines investigated (see Fig. 5 ).
Investigating the promoter methylation after epigenetic drug treatment, we could demonstrate that the TFF1 and TFF3 expression induced by 5-Aza-dC is caused by demethylation of CpG dinucleotides in the promoter region of the corresponding TFF gene (see Fig. 6 ). Although 5-Aza-dC leads to a similar demethylation in all TFF promoters (see Fig. 6B ), the induction of TFF1 and TFF3 expression highly varies (compare Fig. 5 ). High induction of TFF3 expression and comparatively slight up-regulation of TFF1 levels support our hypothesis that the extent of up-regulation is somehow dependent on the endogenous TFF expression levels (compare Fig. 2 ) and indicates that next to epigenetic regulation, TFF1 gene expression might be regulated by additional mechanisms. Treatment with both inhibitors extended the degree of demethylation seen with PBA and 5-Aza-dC alone (see Fig. 6 ), reflecting the enhanced increase in TFF1 and TFF3 expression levels upon double treatment (compare Fig. 5 ).
Philippeit
Involvement of transcription factors in the regulation of TFF expression
Next to epigenetic regulatory mechanisms, several transcription factors have been found to coordinately regulate TFF expression [17] . Several hypomethylated CpGs in the TFF1 and TFF3 promoter correspond with binding sequences for transcription factors (see Fig. 3 ), previously shown to be methylation sensitive in a way that CpG methylation blocks their DNA binding [40] . In the study presented here, we likewise revealed a possible link between the expression level of TFF1 and methylation of CpG -354, matching the binding site for E2F and human ETS1 factor (Elk-1) (see Fig. 3 ). Methylation of ≥ 60 % at this site (see Fig. 4 ) corresponds with low TFF1 expression in the duodenum, the retina and in the respective Rb cell lines RB 247 C3, RB 355 and Y-79 (compare Fig. 2) .
In TFF3-expressing prostate cancer cells, CpGs closest to the ATG in the TFF3 promoter region are completely free of methylation and were identified as putative binding sites e.g. for the cAMP-responsive element binding protein (CREB) and human ETS1 factor (Elk-1) [40] . Promoting these results, our data suggest a correlation between the methylation status of the CREB binding site (CpG -127) in the TFF3 promoter region (see Fig. 3 ) and TFF3 expression in Rb cell lines compared to the retina and duodenum reference (compare Fig. 2C ). CpG -127 is the only differentially methylated site in the TFF3 promoter region of the human retina and one of the four CpGs with only 40% methylation in the TFF3 promoter of the duodenum (compare Fig. 4) , both displaying high endogenous TFF3 expression (compare Fig. 2C ).
Summary
Summarizing one can state that TFF3 gene expression is inducible by 5-Aza-dC treatment (see Fig. 5 ) and this induction is accompanied by promoter demethylation (compare Fig. 6 ), indicating an epigenetic regulation for TFF3 expression in retinoblastoma cell lines. Our results, however, suggest that the regulation of at least TFF1 and TFF2 expression in Rb cell lines requires the involvement of additional mechanisms other than epigenetic regulation, e.g. binding of transcription factors independent of the methylation status of the TFF promoter.
Although we could demonstrate a correlation between the TFF1 promoter methylation status (see Fig. 4 ) and the corresponding gene expression in nearly all Rb cell lines investigated (compare Fig. 2 ), TFF1 expression was only slightly up-regulated upon 5-AzadC treatment (see Fig. 5 ). In the light of a clear accompanying demethylation in the TFF promoter region of all TFFs in the well characterized retinoblastoma cell line Y-79 (see Fig. 6 ) and low endogenous TFF1 expression levels (see Fig. 2 ), one would have expected a high induction of TFF1 expression upon 5-Aza-dC treatment. This also holds true for TFF2 expression, which was not inducible by 5-Aza-dC, PBA or combined treatment despite obvious changes in the TFF2 promoter methylation status. Ongoing studies investigating the TFF promoter methylation of all Rb cell lines upon epigenetic drug treatment and correlating the methylation status with the induction of TFF expression in the respective cell line are required to expand our proposed epigenetic regulation model.
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